A biodegradable polyphosphate polymer (M n ϭ 18,000, M w / in PBS than in bovine serum. In vitro release of OP-1 was M n ϭ 3.2) matrix system was developed as a potential delivalso faster in PBS than in serum. Release kinetics of OP-1 ery vehicle for growth factors. As a model system, release in PBS and serum were represented by second-order polyof recombinant human osteogenic protein-1 (OP-1) from this nomials.
INTRODUCTION
PEG) copolymers, 17 polyanhydrides, 18 organophosphates, 19, 20 poly(orthoesters), 21 polyphosphazenes, 22 and pseudo-polyaminoacids. 23 To deliver biologically active molecules, such as
The most extensively studied system is PLA/PGA polypeptide growth factors and morphogens, in a safe, containing osteoconductive factors. [13] [14] [15] [16] There are indicontrolled, and effective manner, and with an optimal cations that some PLA/PGA copolymers may cause response, requires a knowledge of the local and sysan inflammatory foreign-body response and sterile abtemic biology as well as materials technology. Tissue scess formation due either to release of crystallite degformation may be triggered by seeding cells onto, or radation products or to a drop in local pH related to releasing biologically active molecules from, a degradpolymer degradation. [24] [25] [26] A drop in local pH may arise able system of natural and/or synthetic materials. To from a reduced metabolic clearance and possible reincrease the therapeutic potential of growth factors, cruitment of osteoclasts to the repair site. This, in turn, there exists a need for local delivery to larger defect can result in bone resorption and extracellular matrix regions. Synthetic polymers may serve as temporary degradation. 27, 28 scaffolds for the migration, attachment, proliferation, An ideal synthetic polymer for bone repair may be and differentiation of progenitor cells in response to one with a phosphodiester backbone because the phosthe incorporated biologically active molecules.
phate backbone, which is found in natural biopoly-A variety of scaffold materials for bone repair has mers, is prone to hydrolytic attack by biochemical enbeen introduced, including bovine collagen, 1,2 deminzymes, phospholipases, and phosphodiesterases. 29 eralized bone matrix, [3] [4] [5] fibrin, 6 chitosan, 7 calcium phosAdditionally, compared to other polymers (e.g., PLA), phate ceramics, 6, 8 plaster of Paris, 9 bioglasses, 10,11 organphosphodiesters remain anionic over wider ranges of oapatites, 12 polylactic acid (PLA) homopolymers, pH, and when they hydrolyze, local pH is less susceptipolylactic acid/polyglycolic acid (PLA/PGA) copolyble to change. 30 mers, [13] [14] [15] [16] polylactic acid/polyethylene glycol (PLA/ Recently the use of poly(phosphate) and poly(phosphazene) synthetic polymers for bone induction has grown in popularity. 19, 20, 22 This increased use has arisen from the fact that it is possible to change the composition of the starting materials, which allows for variation in the degree of hydrophilicity or hydrophobicity of a given polymer. In general, a series of parent polyphosphates may be developed. Subsequent modifications of pendant side chains may be used to alter properties and ultimately to create classes of biomaterials with a continuum of properties.
19,23
The objectives of this in vitro study were to: 1) synthesize a polyphosphate polymer and characterize this material and its degradation products in terms of elemental constituents, molecular weight, molecular weight distribution, and infrared spectra; 2) measure the hydrolytic stability and degradation kinetics of the polymer in phosphate-buffered saline (PBS) and fetal bovine serum (FBS); and 3) incorporate a candidate growth factor (recombinant human osteogenic protein-1, OP-1) into the polymer matrix and measure its release kinetics in PBS and FBS.
A polyphosphate polymer was prepared by a polycondensation of bisphenol A (BPA) and phenyl phosphodichloridate (PPDC). A candidate growth factor, polyphosphate in acetone and OP-1 in acetonitrile and ethanol.
over CaH 2 at 60ЊC for 8 h. The final polymer was soluble in acetone and tetrahydrofuran (THF).
MATERIALS AND METHODS

Polymer characterization Polymer synthesis
Elemental analysis of the polymer was performed on two samples using X-ray fluorescence spectroscopy Synthesis of the poly(bisphenol A-phenylphosphate) (M n ϭ 18 kDa, M w /M n ϭ 3.2) is shown schematically (Galbraith Laboratories, Inc., Knoxville, TN). Molecular weight analyses on two specimens were accomin Figure 1 . The starting reagents, catalysts, solvents, and drying agents for the polyphosphate synthesis are plished via gel permeation chromatography (GPC, Waters Chromatographic System, Marlborough, MA). The shown in Table I . A 500-mL reaction vessel was continuously purged with argon at 1.5 kg/cm 2 through-GPC system consisted of a 996 photodiode array detector, 600E multisolvent delivery system, Autosampler out the reaction. The reaction was started by addition of a diol, bisphenol A (0.01 moles, 2.28 g), to the reac-717, and Millennium chromatographic software. The GPC columns were the ultrastyragel type with pore tion vessel. The diol was dissolved into 100 mL of highperformance liquid chromatography (HPLC) grade sizes of 100, 500, and 1,000 Å . Polystyrene standards (Polyscience, Inc., Warrington, PA) in the molecular toluene. The reaction mixture was vigorously stirred using a mechanical stirrer. Triethylamine (0.05 g), an weight range of 1 to 30 kDa and M w /M n Յ 1.1 were used to calibrate the GPC instrument. GPC analysis acid acceptor, was added to the mixture. After dissolution of the diol, phenyl-phosphodichloridate (0.01 was performed under the following operating conditions: column pressure, 50 kg/cm 2 ; temperature, 37ЊC; moles, 2.11 g) was slowly added to the reactant mixture over 30 min. Evolution of HCl gas was recovered by THF eluent flow rate, 0.8 mL/min; and run times, 0 to 35 min. An ultraviolet (UV) detector was used to the triethylamine catalyst forming a quaternary amine salt. The reaction was run at 70ЊC for 2 h. After the monitor the degradation products at 254 nm. Fourier transform infrared spectroscopy (FTIR) was reaction the polymer was dissolved in acetone and precipitated into hexane solution, both HPLC-grade performed on two samples using a Nicolet 60 SX system. The detector was a deutrated triglycine sulfate solvents. The reaction yield for the polymer product was 3.95 g (90%), which was calculated based on (DTGS)/polyethylene with a KBr beam splitter. The spectra were obtained from 400-4,000 cm Ϫ1 and colweighing the product in relation to the total weight of the reactants. The polymer was then dried in vacuo lected using a scan rate of 32 for each sample. Samples for FTIR analysis were cast from an acetone solution were determined by deconvoluting the GPC curves with a Gaussian function using the Peak Fit™ program (1.0 w/v%) onto clean KBr plates and subsequently dried at 60ЊC for 12 h before analysis.
(Jandel Scientific, Inc., San Rafael, CA).
Hydrolytic stability of polymer Incorporation of OP-1 into synthetic polymer
Thirty six samples of synthesized polymer, each The protein in 50% acetonitrile and 0.1% TFA was weighing 0.1 g and having dimensions of 12.5 ϫ 12.5 physically mixed with the polyphosphate dissolved in ϫ 25.0 mm 3 were formed in a teflon mold. Twelve acetone. The protein and polymer adduct had a final samples each were tested for hydrolytic stability in concentration of 1.0 Ȑg protein per 1 mg of polyphos-10 mL of 0.1M PBS at pH ϭ 7.4, 37ЊC; 100% fetal bovine phate. The resultant mixture was then poured into a serum (FBS, Hyclone Laboratories, Inc., Logan, UT) teflon mold (12.5 ϫ 12.5 ϫ 25.0 mm 3 ) and freeze dried at pH ϭ 7.5; and 10% FBS in PBS at pH ϭ 7.5, 37ЊC.
at Ϫ70ЊC until further use. The polymer residue was rinsed briefly with deionized H 2 O, dried over CaH 2 , and weighed at various times Protein release from polymer (6, 12, 24, 36, 48, 60, 72 h) to determine the weight loss. At each time point, the dissolution media were replaced with fresh buffer, serum, or serum/buffer.
Measurements of the time release of OP-1 were undertaken by exposing 2 mg of matrix containing OPHydrolysis breakdown products were analyzed for two of the samples immersed in PBS and serum using 1 to 0.5 mL of PBS or bovine serum at 37ЊC. The amount of OP-1 was based upon release concentration vs. time an aqueous GPC setup with a gradient of 1.5% NaNO 3 . Control samples contained two model compounds in profiles of OP-1 in a collagen matrix. Six samples of the formulated delivery device were exposed to each solution-a potassium salt of bisphenol A and phenol in a molar ratio of 1:1. The aqueous system had a series medium using the same protocol as in the polymer dissolution study. At each time point, the liquid was of ultrahydrogel columns with pore sizes of 120, 250, and 500 Å . The GPC was calibrated using a series of withdrawn and the supernatants were vortexed for 3 min. Samples were incubated for 30 min at room polyethylene glycol standards with a molecular weight range of 0.1-22 kDa. The operating conditions for temperature and centrifuged for 30 sec at 10,000ϫ g. The supernatants (20 ȐL) were then analyzed by reaqueous GPC were column pressure 48 kg/cm 2 ; temperature 37ЊC; flow rate 1.0 mL/min; and run time 0 verse phase HPLC (Applied Biosystems Industry, Foster City, CA). Analytical HPLC analysis of the OP-1 to 40 min. A UV detector was used to monitor the degradation products at 254 nm. Molecular weights was performed using a UV variable wavelength detec-tor system at 210 and 254 nm. Protein absorbance was The IR spectrum shown in Figure 2 indicates the hydrogen-and nonhydrogen-bonded phosphate measured at 210 nm, while polymer concentration was quantified using the 254 nm setting. A C-18 column groups v(P ϭ O) of the polymer backbone at 1,196 and 1,168 cm
Ϫ1
, respectively. The polyphosphate also (Applied Biosystems Industry, Foster City, CA) was used to separate the protein from the polymer with 5 contains terminated hydroxyl end groups v(O-H) at 3,300 cm
. These three infrared bands confirm the Ȑm particle size, 300 Å pore size, and column dimensions of 1 ϫ 150 mm. A programmed gradient of solpolyphosphate structure. The v(P-OH) band at 2,700-2,500 cm
, which indicates the presence of a phosphovent A (0.1% trifluoracetic acid for 25 min) followed by solvent B (25-56% with a composition of 0.095% nate linkage, and the band at 2,440-2,350 cm Ϫ1 for v(P-H), which is attributed to phosphite linkages, possible TFA in acetonitrile) was utilized. Flow rate was 0.6 mL/min. The amount of OP-1 released was deterby-products of the reaction, are both absent from this spectrum, further confirming the existence of phosmined from a calibration curve of OP-1 standards.
phate groups. Other IR bands include: v(C-H) and V(CH 3 ) from bisphenol A at 2,964 cm The polymer is fully dissolved after 60 h in PBS and media were made using an ANOVA at each time point.
after 72 h in bovine serum (Fig. 3) . Polymer dissoluStatistical significance for all measures was set at p Ͻ tion was significantly different between PBS and se-0.05. Linear and nonlinear regression analyses were rum at each non-zero time point ( p Ͻ 0.01). Regression used to quantify the time course of polymer weight analysis of polymer weight loss as a function of time loss, molecular weight reduction, and protein release.
shows that the weight loss in PBS follows a secondFor all regression analyses, adjusted coefficients of deorder equation: termination, R 2 adj , were determined, and Student's t tests were performed to determine whether the regres-W(t) PBS ϭ Ϫ0.024t 2 ϩ 3.051t ϩ 0.176; R 
RESULTS
To identify the specific polyphosphate degradation scheme, the hydrolytic by-products were separated Polymer synthesis and characterization after 60-and 72-h exposures to PBS and sera, respectively, by aqueous GPC (Fig. 4) . Two major peaks, in Table II compares the experimental and calculated the ratio of approximately 2.25 to 1, are noted on the atomic weight percentages of carbon, hydrogen, oxy-GPC plot for the control sample. The first chromatogen, and phosphorus for the polyphosphate. The calcugraphic peak at 20.5 min is the bisphenol-A (K ϩ salt), lated values were determined by adding the atomic and the second peak at 23.0 min is the phenol. The weights of the individual elements as a function of peak height ratios of bisphenol A to phenol were 1.7 the total subunit molecular weight of the polymer. and 1.4 for the PBS and the serum-immersed samples, Experimental and calculated values are within 5 respectively. A proposed degradation model is given weight percent.
in Figure 5 based upon the presence of bisphenol A and phenol in the PBS and sera extracts.
Figures 6a and 6b depict changes in molecular a decrease in molecular weight; the polydispersity, or ) were used to confirm the polyphosphate structure. The v(P-OH) band (2,700-2,500 cm Ϫ1 ), due to a polyphosphonate structure, and the v(P-H) band (2,400-2,350 cm
Ϫ1
), due to a polyphosphite structure, are both absent, further confirming the existence of a polyphosphate. molecular weight distribution, was not affected by inUpon hydrolysis, the number-average molecular creasing hydrolysis time. Comparison of the control weight (M n ) of the polymer decreased with increasing and PBS chromatograms (Fig. 6b) shows that with inexposure time to both PBS and serum. The decrease creasing hydrolysis time the unimodal distribution of in molecular weight with time ( Fig. 7) shows a secondthe polymer converts to a bimodal distribution pattern, order decrease in PBS and a linear relationship in or two separate GPC peaks. serum: The ratios of equations, whereas the PBS-treated polymer is described by bisphenol A to phenol peaks are similar for the PBS-and a second-order polynomial. The time for 100% weight loss sera-immersed samples. is longer in sera than in PBS. 
Polymer synthesis and characterization Protein release from polymer
Synthesis of polyphosphate polymers by a twophase interfacial condensation procedure already has Protein release is complete after 48 h in PBS and been reported. 31, 32 In this study, a single catalyst and after 60 h in serum (Fig. 8) . Measured release of OPsolvent system was used instead, and the reaction was 1 from PBS and serum are significantly different ( p Ͻ run at higher temperatures to increase the reaction 0.01), except at 6 h. Nonlinear regression analysis of yield. In previous studies, the synthesized polymer OP-1 release in PBS as a function of time is given by: contained a bimodal molecular weight distribution due P(t) PBS ϭϪ8.557 ϫ 10 Ϫ4 t 2 ϩ 7.866 ϫ 10 Ϫ2 t ϩ 0.129; to unreacted short chain oligomers. 19, 31 The polyphos-R 2 adj ϭ 0.877 (5) phate synthesized in this study had a unimodal distribution (Fig. 6 ). Once the polymerization was complete, where P(t) is the weight percent of protein released with time, t. The release of OP-1 in serum at any time, the polymer was precipitated in hexane, which most likely removed any short-chain oligomers. t may be presented by: Figure 6 . GPC chromatograms of the polyphosphate: (a) control polyphosphate and polyphosphate after bulk degradation in bovine serum; (b) control polyphosphate and polyphosphate after bulk degradation in PBS. Degradation of the polymer in serum preserves the unimodal distribution of the polymer while in PBS the molecular weight distribution is converted to a bimodal form.
The linear degradation kinetics in serum may be explained by the direct chelation of Ca 2ϩ or by enzymatic cleavage of the polymer by alkaline phosphatase in the serum, a natural enzyme known to use p-nitrophosphobenzene as a substrate. 35 Therefore, it is conceivable that the aromatic polyphosphate backbone may be a substrate for this enzyme. The enzyme may assume an exact conformation state that cleaves the polymer at a linear rate. In PBS, the polymer undergoes a quadratic degradation. One possible explanation for this may be the presence of an excess amount of phosphate ion in PBS compared to serum. Excess phosphate may buffer the degradation process, or the phosphate These mechanisms may ultimately explain the change in degradation kinetics of the polymer in different in Experimental IR band assignments are in agreement vitro media. with literature values, confirming the structure of the The decrease in number-average molecular weight polyphosphate. 33, 34 Experimental and calculated atomic with time may be represented by a simple theory of weight percents are within 5% of each other, and these random degradation, which states that the degree of values provide further evidence that the polymer is degradation, ⌬ d , of a polymer at a certain stage of the a polyphosphodiester. Both the FTIR and elemental degradation process is expressed by: analyses failed to show the existence of phosphonate
or phosphite polymers, which are possible by-products of the reaction.
where s is the number of broken links per chain and M 0 is the number-average chain length of the polyphosHydrolytic stability of polymer phate before degradation. When M 0 is large, Equation (7) reduces to: The characteristic backbone of polyphosphate poly-⌬ d ϭ s/M 0 (8) mers is the phosphodiester linkage, which is hydrolytically sensitive. Therefore, the rate of hydrolysis is pri-
The number-average chain length, M t , at any time, t marily controlled by the side chains and molecular during degradation can be expressed by: weight of the polymer. In theory, hydroxyl ions should M t ϭ M 0 /(s ϩ 1) (9) cleave the phospho-ester bond, yielding a diol and a phosphate. Characterization of these polymer degraWhen the rate of breaking links is independent of both dation products is important in the development of a the position of the link in the chain and the chain polymer as a candidate biomaterial since the degradalength, as is the case for hydrolytic degradation (rantion products have a direct effect on the safety and dom scission of the polymer chains), the process is a efficacy of the device.
linear function of time that can be expressed by: The molecular weight of the polyphosphate de-
) creased following immersion in both PBS and serum, implying backbone cleavage. The mass loss kinetics or: s ϭ M 0 k d t (11) were similar to and followed the kinetics of molecular where t is the time of hydrolysis and k d is the hydrolytic weight reduction. However, the number-average modegradation constant. Combining equations (9) and lecular weight of the polyphosphate decreased faster (11) leads to: and with higher order kinetics in PBS than in serum. The slower dissolution rate of the polymer in bovine
serum may be explained by the presence of Ca 2ϩ ions in serum compared to PBS, which contains no Ca 2ϩ . The Equation (12) shows that early in the degradation process the number-average chain length should decrease ability of free Ca 2ϩ to complex with the polyphosphate backbone may lower the degradation rate of the polylinearly as a function of time. The results of this model are not in absolute terms since all of the mass fractions mer. The polyphosphate polymer was rapidly cleaved as compared to polyphosphates that contain crosslinkproduced during the degradation of the polymer, such as monomers or short chain oligomers, must also be ages and can have cleavage times greater than 30 days. 31 taken into account. 31 Other assumptions in the degra-dation model are that the control polymer must have a dissolution medium and therefore do not assess any effects of proteins that may contribute to the release a unimodal molecular weight distribution and that the polymer must not have intermolecular crosslinks.
of the OP-1 protein or its degradation. 13 It is not known from these studies how the in vitro This linear degradation model may be used to represent the degradation of the polyphosphate in serum, release kinetics of OP-1 correlate with biological activation. The physiology, pharmacokinetics, and mechaas shown by the linear plot given in Figure 7 :
nisms of action of OP-1 are not known. The optimal (1/M 0 Ϫ 1/M t ) ϫ 10 6 ϭ Ϫ1.01 ϫ 10 Ϫ2 t ϩ 0.136; concentration ranges for biological efficacy of this par-R 2 adj ϭ 0.604 (13) ticular protein also are unknown. In general, bone reThe degradation of the polyphosphate in PBS solution pair is dependent on animal species, anatomic site, age, is best described by a second-order polynomial, which environment, and type/degree of insult. Characterizmay indicate a two-stage degradation model or a coming the synergy among material degradation, growthbination of linear and quadratic effects on the hydrofactor release, and bone repair is important for achievlytic scission of the polymer:
ing a long-range goal of augmenting bone healing in vivo. In terms of meeting such an objective, the biologi- 37-39 The slow release in serum might thesized materials is another necessary step toward ultimately bringing such a carrier to in vivo service. also be explained by the possibility that OP-1 binds to serum proteins, creating a larger complex to diffuse An additional rationale for using polyphosphate materials is that both in vitro cytotoxicity and ex vivo histolthrough and thus slowing its release from the remaining polymer matrix. It appears that OP-1 release from ogy performed on polyphosphates and their derivatives demonstrate this class of polymers behaves the matrix may be governed by diffusion, bulk polymer degradation, complexation of free Ca 2ϩ , and OP-1 seequivalently to or better than other polymers that already are in clinical service. 19, 40, 41 Histological results rum protein interactions. The fact that all OP-1 in the matrix was released before polymer dissolution was from different polyphosphates implanted in rabbit soft tissue indicate minor encapsulation and, for some complete indicates that the mechanism of release may be more diffusion controlled than polymer degradapolyphosphate derivatives, slight lymphocyte, giant cell, or macrophage activity. 19 For all polyphosphate tion controlled.
Although this first generation of polyphosphate underivatives there were no chronic, long-term (Ͼ30 weeks) reactions. 19 In general, phenol has a long history derwent total dissolution in only 3 days, the ability to change the composition of the starting materials as a topical dental treatment. [42] [43] [44] In vitro cytotoxicity studies on the other degradation product of this polyand modify pendant side chains allows for variation in molecular weight, the degree of hydrophilicity/ phosphate, bisphenol-A, have demonstrated that the concentration of bisphenol-A, which inhibits 50% of hydrophobicity, and alteration of other properties. For example, poly(bisphenol A-ethylphosphate) has DNA synthesis and protein synthesis, is less than that of many methacrylate-based materials and their been shown to degrade faster than poly(bisphenol A-phenylphosphate. 19 Since hydrolysis is a function monomers. 40, 41 of pendant side chains, material modifications should focus on these side chains, which are more susceptible to cleavage and degradation.
19 CONCLUSIONS Studying in vitro release of OP-1 from a matrix is important for several reasons. First, it assesses the reproducibility of polymer-protein matrix formation.
A biodegradable polyphosphate has been synthesized as a potential carrier for bioactive molecules, and Second, it may determine if the stability of the protein is retained after matrix formation. Third, it may deterthe following conclusions are noted: 1) the polyphosphate was prepared in high yields (90%) and contained mine how structural variation in the protein may affect the osteogenic response to a local cell population. Studno detectable impurities; 2) polymer degradation was slower in bovine serum than in PBS. Degradation in ies on growth-factor release typically use only PBS as 9. S. F. Rosenblum, S. Frenkel, J. R. Ricci, and H. Alexan-PBS followed a second-order equation while in bovine bovine serum is represented by second-order func-
